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Ground motion relations

e Knowledge of ground motions Is expressed
as relations giving parameters such as peak
ground acceleration (PGA) and response
spectra as functions of magnitude and
distance

e Ground motion relations are a key input to
seismic hazard analysis

e Uncertainty in ground motion relations Is
typically the largest source of uncertainty in
estimation of seismic hazard



What is known about ground
motions in the CUS (Midcontinent)

e Ground motion models (alternative relations)
e Ground motion data

e Issues In earthguake source

e Issues In earthquake path

e Overview of uncertainties in ground motion
relations







Types of models used Iin
development of ENA ground
motion relations

Stochastic point source (single corner source)
eg. Toroetal., 1997; Frankel et al., 1996
Stochastic point source (double corner source)
eg. Atkinson and Boore, 1995

Hybrid empirical model (eg. Campbell, 2003)

Finite-source/Green function numerical (eqg.
Somerville et al., 2001)

Stochastic finite fault (eg. Atkinson and Boore,
2005)




Example of
alternative
ENA ground
motion
relations
(EPRI, 2004)

PGA (9)

001

0001

M=5.0

Peak Ground Acceleration

Hypocentral depth = 5.0 km
Depth to rupture plane = 3.1 km

—— Youngs fit to Atkinson & Boore, 1995
——@—— Toroetal., 1997

—— Atkinson & Boore, 1995

-_—— — — Campbell, 2002

——3¢&——— Somerville et al., 2001

— %= — Silvaetal, 2002 - SC/VS

— — <4 — — Hwangetal, 1997

_— — Youngs fit to Frankel et al., 1996

— — & — — Atkinson, 2001 - Sadigh et al, 1997
—— O —— Abrahamson & Silva, 2002
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Example of
alternative

ENA ground

motion
relations

(EPRI, 2004)

PGA (9)

001

M=7.0

Peak Ground Acceleration

Hypocentral depth = 10 km
Depth to rupture plane = 1.5 km

—— Youngs fit to Atkinson & Boore, 1995
—@— Toroetal., 1997

—— Atkinson & Boore, 1995

- - — — Campbell, 2002

—¢— Somerville et al., 2001

— 3= — Silvaetal., 2002 - SC/VS

— — <4 — — Hwangetal., 1997

Youngs fit to Frankel et al., 1996
—————— Atkinson, 2001 - Sadigh et al, 1997
—— & —— Abrahamson & Silva, 2002
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Example of
alternative
ENA ground

motion
relations

(EPRI, 2004)

S, ()

0001

0.0001

M=5.0

Spectral Acceleration 1 Hz

Hypocentral depth = 5.0 km
Depth to rupture plane = 3.1 km

—— Youngs fit to Atkinson & Boore, 1995
——@—— Toroetal., 1997

—— Atkinson & Boore, 1995

-_—— — — Campbell, 2002

——3¢&—— Somerville et al., 2001

— %= — Silvaetal, 2002 - SC/VS

— — <4 — — Hwangetal, 1997

_— — Youngs fit to Frankel et al., 1996

— — & — — Atkinson, 2001 - Sadigh et al, 1997
—— O —— Abrahamson & Silva, 2002
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Example of

alternative

ENA ground

motion
relations

(EPRI, 2004)
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Hypocentral depth = 10 km
Depth to rupture plane = 1.5 km
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———— Somerville et al., 2001

— %= — Silvaetal, 2002 - SC/VS
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Example of
alternative
ENA ground
motion
relations
(EPRI, 2004)

S.()

001

Spectral Accelerati
M=5.0

on5Hz

Hypocentral depth = 5.0 km
Depth to rupture plane = 3.1 km

—— Youngs fit to Atkinson & Boore, 1995
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—— Atkinson & Boore, 1995

-_—— — — Campbell, 2002

———— Somerville et al., 2001

— 9= — Silvaetal, 2002 - SC/VS
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_— —— Youngs fit to Frankel et al., 1996
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Example of
alternative
ENA ground
motion
relations

(EPRI, 2004)

SN (o))

Spectral Accelerat
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Hypocentral depth = 10 km
Depth to rupture plane = 1.5 km

—— Youngs fit to Atkinson & Boore, 1995
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Spectral Acceleration (g)

Spectral Acceleration (g)
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Ground Motion Data (ENA)

EMNA ground-motion data
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Atkinson and Boore 2005

relations

e Based on stochastic finite-fault model (of
Motazedian and Atkinson, 2005)

e Key source parameter Is stress drop —
determined from compilation of instrumental
and historical data

e Attenuation model based on empirical
trilinear model of Atkinson, 2004 for ENA




Stochastic finite
fault model (Silva;
Beresnev and
Atkinson;
Motazedian and
Atkinson, 2005)

STOCHASTIC FINITE-FAULT MODEL
(Beresnev and Atkinson, 1997, 1998)

TREAT FINITE FAULT PLANE AS AN ARRAY OF
SUBFAULTS

ORSERVATIOA)
& POl

MODEL EACH SUBFAULT AS A STOCHASTIC
POINT SOURCE, WITH A BRUNE (coz) SOURCE
SPECTRUM

RUPTURE STARTS AT A SPECIFIED SUBFAULT
(HYPOCENTRE), AND PROPAGATES IN ALL
DIRECTIONS WITH SPECIFIED RUPTURE
PROPAGATION VELOCITY (SAY 0.8 TIMES SHEAR
WAVE VELOCITY).

SUBFAULT RADIATION IS ‘TRIGGERED’ WHEN
RUPTURE REACHES THE CENTRE OF THE
SUBFAULT

CONTRIBUTIONS TO RADIATION AT
OBSERVATION POINT ARE SUMMED OVER ALL
SUBFAULTS.



Parameters needed to apply stochastic finite-
fault model

e All parameters needed for stochastic point source model

e Geometry of source (can assume fault plane based on

empirical relations such as Wells and Coppersmith on fault
length and width vs. M)

e Direction of rupture propagation (assumed random)
e Slip distribution on fault (assumed random)

Some features of Motazedian and Atkinson (2005) stochastic finite fault
model:
 simulations independent of subfault size (conservation of radiated energy)

 model applicable over wide range of magnitudes (can simulate M 4 to 8
with single consistent model)

e incorporation of “self-healing” behavior



Self-healing
model: in the
lower panel, only
part of the fault is
slipping at any
one time

Figure 3.a 100 % Pulsing area

1 0 G O B M

T T

.F_igmje 3._]1 2_5% _Pul_sing_ area

total ruptured area contributes to the frequency content of the radiated wawe
from the rupturing subfault. Tn the selfhealing model, a wave front has a tail
which mcludes the pulsing subfaults and those subfaults that are still shiding. In
the self-healing model (3.b), the passive area (white cells) should not have any



The low-frequency spectral shape (and sag at intermediate
frequencies) is controlled by the %pulsing area

100

—
=

—_

Acceleration Fesponse Spectr

0.1

Fig 5. 2% damped pseudo-acceleration for event of 17 0 at E=100 km for different pulsing area
percentages, using dynamic comer frequency and corresponding pomt-source model.  In EXET,
vaniation of pulsing area can be used to adjust the relative amplitudes of low-frequency motion m
finite fault modehng. & narrow pulsing area results m lower ampltudes at longer periods.

oo —— Point source model
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Finite-fault model
reproduces 2-corner
shape of source spectrum
that is observed
empirically (thus
providing an explanation
as to why we obtain a 2-

corner shape)

h
e

Erone
Point Source

Composite Source

v

log (Fpurier A‘mplgiltude of Acceleratfoh)

fOL fOH
log (Frequency)

Figure 3.  Comparison of the spectrum resultine
from_ the summation of subevent point sources ovet;
a finite fault plane (lower line), with a single c.ui spec-
trum, having the same moment magcrjlitude and
high-frequency spectral leve] (upper line). £,,, is fhe
subfault corner frequency. f£,, is the secogg (low-
frequency) corner produced by the summation pro-
cedure, under the conservation-of-moment constrzg'nt



High-frequency spectral level depends on

stress drop (as in point-source model)
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Fig 6. 5% damped pseudo-acceleration for event of 170 at E=3553 km (22% pulsing area) for
different stress parameter | using dynarnic corner frequency. In E3CSIM, vanation of stress
parameter can be used to adjust the relative amphitades of high-frequency motion. By increasing the

stress parameter, the amplitude of lugh frequencies mcreases.
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Example
Finite-fault
stochastic
smulation
record

ACC (emfsls)

Chserred honzontal acceleration wavreform

LT crnlfsls

Simmlated by EXEIM

time

Figure 7. Simmalated and observed hornzmontal acceleration waveform for Me7, 1994
Horthrdze earthqualke [ Vasquez Focks Parl station).
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Fig 11. Comparizon between response spectra from M5 0 point source modeling, SISV, Boore,
19950 FE=15 , stress drop=120 bars), Abrahamson and Silva ground motion relations for
Califormia, 1997 ( BE=13), and EXSING a profile of observation poits around the fault plane with
F=15 lon and amtauth coverage from 0 to 180 degrees, stress drop=120 barz, and 50% pulsing

areay.

Comparison of finite fault, point source and empirical models for M5 in California
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Fig 12, Comparizon between response spectra from M. 0 pomt source modebing, SIS, Boore,
1995 ¢ F=15 , stresz drop=120 bars), Abrahamzon and Silva ground motion relations for
California, 1997 ( E=15), and EXGSING a profile of obzerwvation points around the fault plane with
E=15 lom and azimuth coverage from 0 to 1580 degrees, stress drop=120 bars, and 50% pulsing
area).
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Fig 13, Comparison between response spectra from MY .0 pomnt zource modehing, SWISIM,
Boore, 1995 ¢ E=15 , stress drop=120 bars), Abrahamszon and Sidva ground motion relations for
Califormia, 1997 ( BE=15), and EXSING a profile of observation pomts around the fault plane with
F=15 lon and ammuth coverage from 0 to 180 degrees, stress drop=120 barz, and 50% pulsing
area). Fimte-fault effects i ground motions become snportant for larger earthoualces, Point
source modelz of earthquake ground motion are inappropriate for earthoualkes that rupture an
exttended fault plane.
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Fig 14 Comparison between response spectra from M8 0 pomt source modeling, SIS,
Boore, 1995 ( F=15, stress drop=120 bars), Abrahamson and Silva ground motion relations for
Califorma, 1997 ¢ F=15), and EXGEING a profile of obzervation pomts around the fault plane with
F=15 lam and azitmuth coverage from 0 to 150 degrees, stresz drop=120 bars, and 50% pulsing
area). Finite-fault effects in ground motions become wnportant for larger earthoualzes. Foint
source models of earthqualke ground motion are inappropriate for earthguakes that mipture an

exttended fault plane,




ENA Model Parameters and their
aleatory variability (AB0O5)

Distribution | Median Standard Minimum Maximum
Parameter type Deviation
Fault Dip Normal 50. 20. 10. 90.
Log stress | Normal 2.14 0.31
Pulsing% Random 10. 90.
Kappa Random 0.002 0.01
bl (R<70) | Random -1.3 -1.5 -1.1
b2 (70-140) | Random +0.2 -0.5 +0.9
Depth Normal 13. 10. 2. 30.
Fault length | Random 0.2 0.8
factor
Fault width | Random 0.4 1.0

factor




ragnitude m1

Database of Yertical component Fourier Amplitudes
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lllustration of typical decay of spectral amplitudes for
m1=3.75. Line is trilinear shape fitted to the data. Transition
distances are r01=70 km, ro2 = 140 km. Slopes of geometric
attenuation: -1.3, +0.2, -0.5

m1 = 3.75 (+-0.25)
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Amplitudes decay faster than 1/R at R<70 km. This has
Important implications for ENA ground motion relations.

log normalized Fourier Amplitude (cmis)
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Attenuation of normalized Fourier acceleration at 2 Hz

T T — 1 T T T 1] GI

o 2Hz normalized amplitude
[ | mean amplitudes (binned)
/R

1 1 1 1 1 11 I
2 10 20
Hypocentral distance (km)

100




log residual

Residuals versus distance (1 and 5 Hz) for regression
model (attenuation transitions r01, r02, geometric
spreading slopes -1.3, +0.2, -0.5)

Fegression Residuals (transitions 70, 140 km: b1=1.3, b2=-0.2)

tHz T T
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log residual
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Regression residuals show distance trends when broken
down by focal depth: deeper events attenuate more slowly
than shallow events, especially at high frequencies

A correction factor to the
attenuation based on
focal depth was
developed to account for
the depth-dependence of
attenuation:
Log Correction Factor
=d1 (h-10) log R +d2

log residual
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Evaluate whether the horizontal component attenuates differently
than the vertical: apply the regression equation developed for the
vertical component to the horizontal component data, and examine

residuals (log observed — log predicted) versus distance.
Mean residual = H/V.

Horizontal-Component Eesiduals (transitions 70, 140km: b1=1.3, b2=-0.2)

log residual
—
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Mean H/V ratio for ENA rock sites:

Increases with frequency from values near unity at 1 Hz to a
factor of about 1.5 at high frequencies. This H/V is
assumed to represent crustal to near-surface amplification

effects for rock sites.

03 —

H~ ratio

o

log HA

mean+~std.err.
0.0234+0.106 log f

frequency (Hz)

10

20



Attenuation results can be used to correct observations back to the
source, to obtain apparent source spectra for individual
earthquakes. Events of m1>4 follow Brune model with stress drop
~100 bars.

Acceleration Source Spectra for 4<mi1<5

Thick black lines show 29 I ]
Brune model spectra for
100 bars, for M=4, 5.
Thin lines show source
spectra for events of
4<ml<5

log FA (cr/s)

frequency (Hz)




Data on high-frequency levels can be
augmented by historical data based on felt

areas.

Relationship between felt
area and high-frequency
spectral acceleration
level (at a reference
distance of 20 km).
Symbols show data from
Atkinson (1993a) (filled
squares), data from
Atkinson (2004) (open
squares) and historical
seismogram data of
Atkinson and Chen
(1997). Lines show least-
squares fit.

log Afelt

6.5

4.5

Felt area vs. High-Frequency FACCHN at R=20km

9.5

[ | A93 data

[1  post-1993 data
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log Ahf

1.5

-0.5

High-Frequency FACCHN at R=20km vs. Moment M
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fram MM
-2.39+0.547M

Mament M

7

Compilation of ENA
data on high-frequency
levels, from both
instrumental and
historical data: this
information can be
used to infer stress
drop



stress drop (bars)

300
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EMNA Brune stress drops

Mean Brune stress = 140 bars
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ENA stress drops,
based on high-
frequency spectral
level. Mean = 140
bars.



This shows simulations with aleatary uncertainty: Nowv, 2005

Generic ENA rock simulations for M=5, 8

3 3
ABO5 simulations: 2 1) G U 2
Log values of horiz, B NS 3
component 5% PSA at ” “
frequencies 0.5, 1, 5 Hz, g o g 0
and PGA, for ENA rock . . :
sites. Dots show PSA £ g
from simulations, R TR T R TR
including aleatory Fdist{km) Fdist{km)
uncertainty, for M 5
(light) and M 8 (dark). 4 e -
Solid lines show N 3
predicted amplitudes .
from regression o 2 5 2
equations developed L 2
from simulated <
database, for M5, 6, 7, s OF 0
8 . oI R V34| L R s e |
10 100 1000 10 100 1000
Fdist(km) Fdist{km)

W=5 simulated o M=8



Example of regression

residuals versus

distance for M=6. Gray

dots are individual
residuals (where log

residual = log simulated

PSA —log PSA

predicted by Equation

5). Black symbols

show mean residuals
and standard deviation

in distance bins.

Sigma based on model
IS 0.3 log units for all
frequencies (this is 0.69
In units --- compare to

WNA 2005 empirical

value of 0.60 In units)

log residual freg= 0.5

5

log residual freq
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1 10 100

log residuals of regression

Shows individual residuals and mean values in distance bins
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ABO5 rock
simulations
(dark
grey=mid-
point M,
light
grey=+/-
0.5M);

equations
(black) ;

data (M-0.5
green,
M+0.5 red)

= 1.00

log PSA freq

= 1.00

log PSA freq

stress=140 (file ENA10). Data are rock PSA +- 0.5 M units

[ Niow=2, Nhigh=7

siaal | PO T T T T i
10 20 100 200
Fdist(km)

1000

- Niow=3, Nhigh=2

ool PR T R R A N | | L
10 20 100 200
Fdist(km)

M simulated 5]

= 503

log FSA freq

= 503

log FSA freq

M (-0.5) obsemned

- Nlow=2, Nhigh=7

100 200

| | A A A i
10 20 1000

Fdist{km)

[ R
- Niow=3, Nhigh=2 &
Cooaul | el | O R T I A}
10 20 100 200 1000
Fdist{km)

@ M (+.5) obhsened



ABO5 rock
simulations
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Residuals of ENA data relative
to ABO5S

e Can compute residuals of ENA data relative
to ABO5 (=log obs. — log predicted)

e Keep in mind that these may not be =0 as
they represent only a subset of the
Information used In the model

e Overall average sigma within 0.06 log units of
0.0 over all frequencies from 0.5 to 5 Hz

e significant residuals are observed in some
magnitude-distance ranges



PSA for rock sites compared to AB0OS
M4.9 (2005/03/06)
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Comparison
of ABO5
eqns to
several M4.5
events
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